Background. Estimates of the risk of intussusception (IS) associated with currently licensed rotavirus vaccines (RV1 [Rotarix; GSK] and RV5 [RotaTeq; Merck]) diverge. Contemporaneous introduction of both vaccines in Australia enabled a population-based assessment of risk.
the global burden of rotavirus disease suffered a setback in 1999 when the first licensed vaccine, a rhesus-human reassortant (RRV-TV; RotaShield; Wyeth-Lederle) was withdrawn from use when found to be associated with an attributable risk of intussusception (IS) of about 1 in 10 000 recipients after the first dose in infants 2 months of age or older [3, 4] . Intussusception is the invagination of bowel into an adjacent segment, causing intestinal obstruction that unless promptly reduced progresses to bleeding and/or intestinal perforation [5] . Since 2005, 2 new oral rotavirus vaccines, a pentavalent human-bovine reassortant (RV5; RotaTeq; Merck) and a monovalent human rotavirus vaccine (RV1; Rotarix; GSK), have been widely licensed. Neither vaccine was associated with IS in largescale prelicensure clinical trials [6, 7] . In 2009, the World Health Organization recommended routine rotavirus vaccine for all infants worldwide [8] .
At least 40 countries have introduced rotavirus vaccines into their national immunization programs, and the health impact of rotavirus vaccines is now emerging in a range of settings. A decline in diarrhea mortality after the introduction of rotavirus vaccines has been reported in Mexico and Brazil [9, 10] . Reductions in diarrhearelated hospitalizations have been observed in Australia, the United States, Mexico, Belgium, Brazil, and El Salvador [11] [12] [13] [14] [15] [16] [17] [18] . In Australia, hospitalization rates for rotavirus-attributable gastroenteritis have dropped by >70% since vaccine introduction in 2007 [19] .
In light of the experience with RRV-TV, the World Health Organization recommends that countries implementing rotavirus vaccination should conduct postmarketing surveillance to identify rare or unexpected adverse events, including IS. A complicating factor is that the reported (prerotavirus vaccination) incidence of IS varies widely across regions and by ethnicity [5] and it has generally been based on nonconfirmed ICD-coded hospitalization data, for example, in Panama and the United States, estimated incidence rates are similar (30 and 38 cases per 100 000 children <1 year old, respectively), whereas in Australia incidence is 81 cases per 100 000 and in Vietnam it is substantially higher (304 cases per 100 000). The incidence of IS increases sharply through the first 6-8 months of life, coinciding with the period of routine immunization.
Since introduction of rotavirus vaccines into routine use, postlicensure studies of the association between IS and RV5 [20] [21] [22] [23] , RV1 [24, 25] , and both vaccines [26] have been published from the United States, Latin America, and Australia, respectively. Evidence of an association between IS and RV1 was found in Mexico [24, 25] , Brazil [24] , and Australia [26] . For RV5, evidence of an association was reported in Australia [26] and indirectly in 1 of 3 studies from the United States [21] [22] [23] .
Rotavirus vaccination was introduced to the Australian national immunization program in July 2007 and is delivered by jurisdictional (state or territory) health authorities, some of whom introduced RV5 (3-dose schedule at 2, 4, and 6 months of age) and others RV1 (2-dose schedule at 2 and 4 months of age) [27] . This resulted in both vaccines being used contemporaneously in demographically similar populations. After the preliminary report of an association between both vaccines and IS based on active surveillance in 4 sentinel hospitals [26] , the Australian regulatory agency, the Therapeutic Goods Administration (TGA), commissioned a national study to assess the risk of IS after rotavirus vaccination. The aim of this study was to evaluate the association between IS and receipt of either RV1 or RV5 vaccine in the previous 21 days nationally during a 3-year period. We also compared the vaccine-attributable risk of IS with the estimated reduction in gastroenteritis hospitalizations after vaccine introduction.
METHODS

Case Ascertainment
We identified cases of IS in children between 1 and 12 months of age from the introduction of rotavirus vaccines on 1 July 2007 to the end of June 2010. The 6 jurisdictions included in the study account for >95% of the Australian population ( [28] , were analyzed. Case notes were reviewed by physicians or nurses using a standardized data extraction form. Reviewers were not explicitly blinded to vaccination status, but it was not generally recorded in clinical case notes. A small number of additional cases were identified by the Paediatric Active Enhanced Disease Surveillance (PAEDS) system, which performed active surveillance in 4 large tertiary pediatric hospitals [29] . Further detail on ascertainment of cases is provided in the Supplementary Material. Vaccination history for each case patient was obtained from the Australian Childhood Immunisation Register (ACIR), which has near-complete capture (>98%) of national immunization program-funded vaccines provided to children aged <7 years [30] .
Control Selection
For each confirmed IS case, 10 matched control subjects were randomly selected from the ACIR database, after matching on date of birth (within ±1 day), sex, and state or territory of residence.
Ethical Approval
The study was conducted on behalf of the TGA, in conjunction with state and territory government health departments, as a public health investigation, with authorization for compilation of routinely collected data provided by these statutory bodies. The use of deidentified data from the ACIR for selection of controls for the case-control study was approved by the Australian Government Department of Health and Ageing.
Statistical Analysis
The analysis assessed risk associated with 2 exposure periods following each dose of vaccine, chosen on the basis of previously published literature: 1-7 and 8-21 days after vaccination. Unexposed time was defined as time before vaccination or >21 days after a dose of vaccine, within the 1-12-month age window. The analysis included only case patients (and controls, for the case-control analysis) for whom vaccination records were available on the ACIR. We excluded case patients (and controls) whose ACIR record indicated receipt of a second (or third) dose of rotavirus vaccine but had missing data for the earlier dose(s). Inclusion was otherwise independent of vaccination history, with minor exceptions in the case-control analysis as detailed in the Supplementary Material. Analysis was performed using Stata 11.2 software (StataCorp; 2009).
Self-Controlled Case Series Analysis
The self-controlled case series (SCCS) method compares the frequency with which the outcome occurred in periods of time after vaccination ("exposure") relative to its occurrence in unexposed time, in case patients only [31] . Results (obtained from a conditional Poisson regression model) are reported as relative incidence (RI), with 95% confidence intervals (CIs), for each exposure period compared with time outside this window. We treated IS as a nonrecurring event and analyzed first occurrences only. Because the incidence of IS is strongly age related, we adjusted for the effect of age using indicators for month of age categories in the regression model [31] . Alternative approaches to the method of age adjustment, which varied the age categorization and smoothed the age effect, were explored in sensitivity analyses (see Supplementary Material). All cases of IS were included in a single model; this allowed all case patients to contribute information on the age effect, whereas those children who received each vaccine contributed information on the potential vaccine-related risk for that vaccine. In further Figure 1 . Summary of intussusception cases, and their clinical review, in children 1 to <12 months of age (Brighton level 1 primary cases only). The combined data set includes all 282 cases from the state-based admissions data plus another 38 captured by Paediatric Active Enhanced Disease Surveillance (PAEDS; numbers in parentheses). In the 8 case patients with incomplete records, the Australian Childhood Immunisation Register (ACIR) record documented receipt of a second (or third) dose of rotavirus vaccine but was missing data for the earlier dose(s). NSW, New South Wales; NT, Northern Territory; QLD, Queensland; SA, South Australia; SCCS, self-controlled case series; VIC, Victoria; WA, Western Australia. sensitivity analyses we excluded case patients who received a dose of vaccine later than the recommended age limit for administration [32] and allowed for a "healthy vaccinee effect" by allowing for a different (lower) RI of IS during the 2-week period before each vaccine dose [31] .
Matched Case-Control Analysis
Case-control analysis was performed by assigning controls the same "event date" as their matched IS case and comparing the frequency with which the event date fell within the postvaccination exposure windows between case patients and controls. We used conditional logistic regression to estimate odds ratios (ORs) for each vaccine dose and exposure window. Because of the rarity of the outcome, the OR in this model is equivalent to the RI parameter estimated by the SCCS method, and both may be interpreted as measures of relative risk. Analysis was performed separately for each vaccine type, restricting to jurisdictions which administered that vaccine within their official immunization program; we excluded the few case patients who received the nonstandard vaccine for their jurisdiction of residence. A range of sensitivity analyses was conducted, using an approach similar to that used for the SCCS method (Supplementary Material).
Risk-Benefit Analysis: Excess IS Compared With Rotavirus Disease Averted
A simple risk-benefit analysis was conducted to compare the estimated number of vaccine-attributable cases of IS (risk) with the estimated number of rotavirus hospitalizations averted by vaccination in Australia (benefit). Risks and benefits were calculated using national estimates of vaccine coverage along with the estimated baseline incidence of IS and the RI of IS after vaccination, on the risk side, and incidence of hospitalization for rotavirus diarrhea and vaccine efficacy, on the benefit side [24] . (See Supplementary Material for further details.) Figure 1 . Most cases included in the analysis were identified through hospitalization databases. A total of 393 putative cases from the 2 systems was reduced to 306 after exclusions detailed in Figure 1 . Table 1 displays numbers of case patients and controls with "event date" within 1-7 or 8-21 days of vaccination. Further details on cases and their timing is provided in the Supplementary Material. Table 2 displays results from the SCCS analysis for each vaccine dose. For both vaccines, the estimates of RI for the 1-7-day period after dose 1 indicate very strong evidence (P < .001) of elevated risk, with the lower limits of the 95% CIs both higher than a doubling in risk. Elevated risk extended to the 8-21-day postvaccination period for both vaccines but at a lower and less statistically significant level. For both risk periods, the point estimate of the RI associated with RV5 was somewhat higher than for RV1, but as the 95% CIs substantially overlapped, the risk associated with each vaccine could not be distinguished. There was weaker evidence of an increased risk of IS after dose 2 of both vaccines, particularly in the 1-7-day period after vaccination, but no suggestion of increased risk after dose 3 of RV5. A range of sensitivity analyses is reported in the Supplementary Material (Supplementary Tables 3-10 ). None of these produced substantially different conclusions, although there was some variation in RI estimates, especially for dose 1; in particular, when case patients who received RV1 outside the Table 10 ).
RESULTS
Ascertainment of cases is summarized in
SCCS Analysis
Matched Case-Control Analysis Table 3 shows estimated ORs for IS in the risk periods 1-7 and 8-21 days after each vaccine dose from the matched casecontrol analysis. These analyses found a generally similar pattern of results to the SCCS analysis, with an increased risk of IS in the 1-7-and 8-21-day periods after dose 1 for both vaccines and some suggestion of an increased risk 1-7 days after dose 2. Most estimates of the relative risk of IS after dose 1 were higher in the case-control than in the SCCS analysis. The results from the sensitivity analysis excluding case patients and controls who received RV1 outside the recommended age range showed effects similar to those of the corresponding SCCS analysis (Supplementary Tables 11 and 12 ).
Risk-Benefit Assessment
The vaccine attributable risk for IS, based on the estimated RI in the 1-21 days after dose 1 and the 1-7 days after dose 2 derived from the SCCS analysis, was estimated to be 4.3 (95% CI, 0.8-23.3) cases per 100 000 infants vaccinated for RV1 and 7.0 (95% CI, 1.5-33.1) cases per 100 000 for RV5. Given the substantial overlap in the CIs, we considered attributable risk to be the same for both vaccines and used a mid-range estimate of 5.6 additional cases of IS per 100 000 vaccinated infants. This resulted in an estimated excess of 14.3 cases annually at the national level (11.7 after dose 1 and 2.6 after dose 2), assuming 85% vaccination coverage from 3 months of age. On the other hand, rotavirus vaccination was conservatively estimated to prevent 2180 cases per 100 000 infants, or 6500 cases overall, of acute gastroenteritis hospitalizations per year among children <5 years of age (Table 4) .
DISCUSSION
Our results provide evidence that both currently licensed rotavirus vaccines are associated with a similar increase in the incidence of IS in the 21 days after the first vaccine dose, estimated at 6-to 10-fold in the first 7 days and 3-to 6-fold in the 8-21 days after vaccination. For RV1, these findings are similar to those from a smaller b The annual average number of ICD-coded intussusception cases was 240; adjustment by a factor of 0.6 has been made to estimate the proportion that were Brighton level 1 cases.
Australian study, which included some of the same cases but used different methods [26] , and to those from Mexico [24, 25] . Two postmarketing studies in the United States found no evidence of an association between IS and RV5 [21, 22] , but a more recent ecological study reported a small secular increase in IS rates among infants aged 8-11 weeks after the introduction of rotavirus vaccination ( principally with RV5), consistent with our findings [23] . Ours is the first epidemiological study to examine a sizeable number of cases potentially associated with RV5 vaccination and also the first study to find evidence of an increased risk of IS after the second dose of both vaccines, although a 2-fold relative risk was reported after the second dose of RV1 in Brazil [24, 33] . A unique aspect of our study was the ability to compare IS risk after administration of RV1 and RV5 within very similar populations over the same period of time.
Our study was based on population-based capture of clinically verified IS cases during a 3-year period. High vaccine coverage (84% for a full vaccine course [34] ), the capacity to confirm dates of administration and vaccine type for each vaccination using the ACIR, and access to data on IS presentations from population-based hospitalization databases, supplemented by active surveillance at the largest pediatric hospitals, ensured extensive capture of large numbers of vaccinated case patients. Cases excluded because verification was not possible were unlikely to have caused bias, because vaccination exposure does not vary substantially by geographic location in Australia [35] . Although we cannot completely rule out variations in the ascertainment of cases by ICD coding, evidence of high sensitivity in detecting IS was provided by active surveillance that identified very few additional cases at sentinel sites. In addition, the casenote review confirmed approximately 60% of ICD-coded cases as Brighton level 1 in the New South Wales series, suggesting that the coding may overascertain but is unlikely to miss many confirmed cases [36] . The available data enabled us only to examine the relative risk of IS associated with specified postvaccination time windows, so it remains unclear whether our findings reflect an increase in the cumulative incidence of IS during the first year of life or earlier occurrence (triggering) of IS in infants among whom it would have occurred later in infancy in the absence of rotavirus vaccination.
Results similar to those of the SCCS analysis were seen in the matched case-control analysis, although estimates of relative risk were higher and CIs were wider. Greater precision might be expected in the SCCS, provided that our assumption of a common pattern of age dependence of IS incidence across Australia holds. A range of sensitivity analyses did not change the overall pattern of results, although there was variation in the estimate of relative risk after dose 1 for both vaccines. Dose 1 is given at about age 2 months, when the incidence of IS increases sharply, so SCCS estimates of vaccine-related risk are somewhat sensitive to the method used for modeling the age-dependent background incidence of IS. Weaker associations between RV1 and IS risk were observed when case patients who were vaccinated at an age beyond recommended upper age limits (predominantly during the first year of the program) were excluded. Although these case patients were few, the findings suggest that adherence to upper age limits for vaccine administration may, in some settings, reduce the likelihood of vaccination-related IS. In lowand middle-income countries, however, prescribing strict age limits may not be warranted, because of differences in IS incidence and morbidity relative to rotavirus gastroenteritis [37] .
The attributable risk of IS associated with rotavirus vaccination identified in our study was conservatively estimated at 14 excess cases per year within the annual birth cohort of approximately 300 000. In countries such as Australia, with good access to specialist hospital care, IS is usually diagnosed within 24 hours of symptom onset, and prompt treatment by enema is associated with a good outcome. Deaths from IS are rare and there were none in this study (data not shown). In contrast, in low-income countries, IS may be treated surgically and the case fatality rate associated with delayed diagnosis may be as high as 25% [37] . However, these regions also tend to have a high rotavirus disease burden, and rotavirus vaccination is likely to have a major beneficial impact. Studies to assess the postmarketing risk of IS alongside vaccine benefits in these settings would be helpful.
In conclusion, our analysis indicates that the 2 currently licensed rotavirus vaccines (RV1 and RV5) give rise to a small but measurable increase in the incidence of IS in young infants. The ability to detect a rare vaccine-related adverse event associated with the implementation of a new vaccine, and to accurately evaluate the risk-benefit, is testimony to the value of robust and sensitive vaccine adverse event surveillance and investigation systems. Despite a small increased risk of IS associated with both RV1 and RV5 in Australia, the benefits of rotavirus vaccination in preventing rotavirus gastroenteritis clearly outweigh the risks. Although countries planning to introduce rotavirus vaccines will need to consider their rotavirus disease burden in relation to the incidence of IS and the ability to diagnosis and treat it, it seems likely that the benefits of these vaccines will outweigh the risks in other settings.
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